plasticity at this synapse and the reversibility that is
necessary for such plasticity to have a role in motor
Associative Depression and Nonassociative Potentiation learning.
The importance of bidirectional change at the parallel The previous study of associative depression in ELL used a protocol in which the parallel fiber stimuli were synapse lead us to focus our attention in this study on potentiation at the same parallel fiber synapses of ELL delivered at 0.1 Hz during the test periods and at 1 Hz during periods of pairing with a broad spike (Bell et that were previously shown to undergo associative depression. We demonstrate here that potentiation occurs al., 1997b). EPSPs were strongly depressed following association with a postsynaptic broad spike elicited at this synapse and that it is largely if not entirely nonassociative in character, in contrast to the previously demwithin 0-50 ms after EPSP onset. In contrast, EPSPs were potentiated after most pairings in which broad onstrated associative depression. We also demonstrate that both the depression and potentiation can be satuspikes were delivered outside the narrow window of 0-50 ms following EPSP onset. EPSPs were also potentirated and then reversed, potentiation reversing depression and vice versa, indicating that the final cellular site ated, however, when the EPSP was delivered alone at 1 Hz in the absence of postsynaptic broad spikes, indiof action is the same for both directions of plastic change. Experiments with paired-pulse facilitation sugcating that nonassociative (in the sense of not requiring a postsynaptic spike) potentiation was present. Assogest that this common site of expression is presynaptic. We realize that there are important differences between ciative potentiation, due to pairing with a postsynaptic spike at a particular delay, might also have been present, the cerebellum-like ELL and the cerebellum, but reversibility at parallel fiber synapses in ELL suggests at least but could not be distinguished due to the strongly potentiating effects of the simple change in stimulus frethat such reversibility may also be present in the actual cerebellum. In this study, we also show that the associaquency during pairing. The potentiation and its associative or nonassociative character were investigated tive depression in ELL requires the generation of a postsynaptic broad spike, the activation of NMDA receptors, further in the present study by eliminating the effect of a change in stimulus frequency and delivering the parallel and changes in postsynaptic calcium. fiber stimuli, S1 and S2, at the same frequency of 0.5 Hz, during both testing and pairing periods.
Results
With this new constant-frequency protocol, pairings in which the broad spike was evoked between 10 and We recorded from MG cells and examined the effects 30 ms after the onset of an EPSP resulted in depression of pairing parallel fiber-evoked EPSPs with postsynaptiof that EPSP (S1 EPSP in Figure 2 ), as previously obcally evoked broad spikes. All experiments were done served. EPSPs evoked at other delays with regard to in acute transverse slices of ELL in a bathing medium the broad spike were either unchanged (S2 EPSP in containing bicuculline to remove the inhibitory compo- Figure 2 ) or showed a modest potentiation. The associanents of synaptic responses. Two different stimulus tive versus nonassociative character of this modest poelectrodes, S1 and S2, were placed in the molecular tentiation was examined in a series of pairings in which layer of ELL to activate separate parallel fiber bundles the S1 and S2 EPSPs were evoked with a 1 s delay (Figure 1) . The interval between stimuli S1 and S2 was between them at the same constant frequency of 0.5 either 1 s or 500 ms (Figure 2a ) depending on the protoHz (Figure 3a ). Both EPSPs were evoked during the 5 min col. Repetition rates were varied in different protocols, pairing periods, with the broad spikes being delivered as described in the following sections. During the pairing either 10-30 ms before or 10-30 ms after the onset of periods, a postsynaptic broad spike was evoked by intracellular current pulses, either just before or just after one of the EPSPs. The effect of stimulus repetition alone on EPSP amplitude was also tested with 5 min control one of the two parallel fiber stimuli. EPSP amplitudes were measured during test periods before and after the periods in which the EPSPs continued to be evoked at 0.5 Hz but without any postsynaptic broad spikes. pairing periods. Both test and pairing periods were usually 5 min in duration and two to nine pairings were Pairings in which the broad spike was evoked just after EPSP onset resulted, as expected, in depression usually carried out in the same cell. Stimuli were delivered to S1 and S2 at an interval of 500 ms and at a constant frequency of 0.5 Hz during prepairing (top trace), pairing (middle trace), and postpairing (bottom trace) periods. Each of these periods was 5 min in duration. During the pairing shown here, the S1 stimulus was followed at a delay of 20 ms by a depolarizing intracellular current pulse, which evoked a broad spike. Note that pairing caused a decrease in the S1 EPSP but did not affect the S2 EPSP. (Ϫ28% Ϯ 2.4%, n ϭ 34 [ Figure 3a] ). Pairings in which periods, respectively. The lowest frequency of 0.5 Hz was tested in 15 MG cells. The three highest frequencies the broad spike was evoked just before EPSP onset resulted in potentiation (13.8% Ϯ 3.8%, n ϭ 37), as did were tested in a separate set of 23 MG cells, all three frequencies being tested in each cell but in a randomized pairings in which the broad spike was evoked at a delay of 1 s with respect to EPSP onset (8.2% Ϯ 1.4%, n ϭ 43).
order. Higher frequency stimulation caused a clear potentiaEPSPs-only control periods also resulted in potentiation (7.6% Ϯ 1.6%, n ϭ 44). The depression observed after tion (Figure 3b ). The potentiation was more or less the same for the three higher frequencies of 1, 2, and 5 Hz pairings with the broad spike just after EPSP onset was significantly different from the potentiation observed but was lower for the lowest frequency tested of 0.5 Hz. However, the differences between 0.5 Hz and the other with the other pairings or with the EPSP-only control (p ϽϽ 0.001). In contrast, none of the differences among frequencies were not significant at the 0.01 level. The cut-off frequency for potentiation appears to fall bethe three conditions showing modest potentiation were significant (p Ͼ 0.1). The small potentiations of 7%-13% tween 0.5 and 0.1 Hz, since 0.5 Hz caused potentiation whereas prolonged stimulation at 0.1 Hz did not (see observed under these three conditions are presumed to be due to simple repetition of the stimuli at 0.5 Hz below). The potentiation appeared to saturate with successive (see next section).
The results strongly confirm the previous finding of periods of higher frequency stimulation, as observed in the 23 MG cells in which all three of the higher frequenan associative depression at the parallel fiber-to-MG cell synapse that occurs after pairings in which a postcies were tested. Thus, the first presentation, regardless of the frequency, consistently caused a large potentiasynaptic broad spike is evoked just after EPSP onset. However, the results also argue against associative potion of about 30%. The second presentation caused a smaller potentiation of about 10%, and the third presententiation at this synapse, because there were no significant differences between the potentiations observed tation caused a potentiation of 0%-7% ( Figure 3C ). after pairings in which the broad spike was evoked just before the EPSP, after pairings in which the broad spike was evoked at a 1 s delay, or after the EPSPs-only Saturation and Reversibility of Depression and Potentiation control.
Both the depression and potentiation could be saturated and then reversed. Each of the two directions of change Nonassociative Potentiation The nonassociative potentiation due to a simple inwas first induced and saturated by repeated pairings of the same type, then reversed by one or more pairings crease in EPSP frequency was examined further by delivering the S1 and S2 EPSPs alone at frequencies of that caused the opposite direction of change, and finally reinduced by a final pairing of the original type. Testing 0.5, 1, 2, and 5 Hz for 5 min periods, with the periods of higher frequency stimulation being preceded and folwas done at 0.1 Hz and pairing at 1 Hz in these experiments. Both S1 and S2 were delivered during both testlowed by 5 min test periods at a frequency of 0.1 Hz. The intervals between S1 and S2 were 1 s, 500 ms, 250 ing and pairing. Depression was induced by evoking the postsynaptic broad spike 20 ms after the onset of either ms, and 100 ms for the 0.5, 1, 2, and 5 Hz stimulus (Figure 4b, P6) . (The experiments of the previous section indicated that the potentiation in these experiments does not depend on occurrence of the broad spike, i.e., is nonassociative.) Reversibility of depression is illustrated by the S2 EPSP in Figures 4a and 4b . Depression of the S2 EPSP was first induced in three successive pairings in which the broad spike was evoked just after the onset of the S2 EPSP. The third pairing (P3) did not cause any further depression beyond that caused by the first two pairings, indicating saturation. Potentiation was then induced by pairings 4 and 5 (P4 and P5) with the broad spike at a long delay with respect to S2 and by pairing 6 (P6) with the broad spike just before the S2 EPSP. Finally, depression of the S2 EPSP was evoked a second time in pairing 7 (P7), in which the broad spike was evoked just after the onset of the S2 EPSP.
Reversibility of potentiation is illustrated by the S1 EPSP of Figures 4a and 4b. Potentiation was induced in P1 and P2 in which the broad spike was evoked at a long delay of 500 ms after the S1 EPSP. P3 at the same delay did not yield any additional potentiation, indicating saturation. Depression of the S1 EPSP was then induced by P4 and P5, in which the broad spike was evoked just after the onset of the S1 EPSP. Finally, potentiation was induced a second time in P6 and P7. Note that the same S1 EPSP also illustrates reversibility of depression in that the depression is saturated after P5, reversed by potentiation after P6 and P7, and 
Possible Presynaptic Locus for Site of Plastic Change
The above results in which both depression and potentiation were first saturated, then reversed, and finally reinduced suggest that both processes act at the same cellular site in ELL. This site of expression was investigated further using paired-pulse facilitation, since changes in synaptic efficacy that are accompanied by average response to a single stimulus. Pairings were done at 1 Hz. Depression was induced by pairings with the broad spike at short positive delays, and potentiation result in changes in paired-pulse facilitation. Moreover, was induced by pairings at long delays or by simply the use of current clamp recording in our experiments evoking the EPSPs at 1 Hz with no broad spikes.
introduces the potentially confounding artifact of nonlin-EPSP depression was associated with an increase in ear summation of EPSPs, because the driving force at paired-pulse facilitation and EPSP potentiation with a the peak of a large EPSP is less than at the peak of a decrease (Figure 5b ). Pairings at short positive delays small EPSP. The latter problem could be avoided by the caused EPSP depression (n ϭ 57, mean ϭ Ϫ24%) and use of voltage clamp recording, but such recording has a mean increase in paired-pulse facilitation of 11%, not been possible with the small MG cells of ELL. whereas pairings at long delays or 1 Hz stimulation alone (data pooled) caused potentiation (nϭ 95, mean ϭ 25%) and a mean decrease in paired-pulse facilitation of 5%.
Requirement of the Broad Spike for Associative Depression Both the increase in paired-pulse facilitation with short positive delay pairings and the decrease in paired-pulse A previous in vivo study suggested that the broad spike is required for the plasticity of MG cell responses to a depression with long delay pairings and 1 Hz stimulation were highly significant (p ϽϽ 0.001). These results and naturally occurring predictive signal, a corollary discharge signal-associated motor command that drives the likelihood that a change in paired-pulse facilitation reflects a presynaptic change in transmitter release sugthe electric organ discharge (EOD; Bell et al., 1993 ). We further investigated the role of the broad spike in the gest that depression causes a decrease in transmitter release and potentiation causes an increase. Further induction of synaptic plasticity observed in vitro by pairing parallel fiber EPSPs with intracellular current pulses experiments will be necessary to establish such mechanisms, however, since postsynaptic changes such as that were above and below threshold for this spike. EPSPs were evoked by S1 and S2 at a 0.5 s interval at changes in receptor desensitization can in principle also EPSPs that evoked broad spikes were depressed (second column), but EPSPs evoked 500 ms after broad spikes were not (first column). Stimuli were delivered to S1 and S2 at a constant interval of 500 ms and at a constant rate of 0.5 Hz during both testing and "pairing" for all cells included in this summary. a repetition rate of 0.5 Hz that was kept the same during to between 0.2 and 0.8 ms until a broad spike was evoked with each stimulus. The longer duration stimuli both test and pairing periods. A first pairing was done with a depolarizing current pulse that was just subwere maintained for 5 min before returning to the original stimulus duration of 0.1 ms. Stimulus strength was the threshold for evoking a broad spike and delivered 5-30 ms after one of the two parallel fiber-evoked EPSPs. A same before and after the change in stimulus duration, since stimulus amplitude was not altered and the stimusecond pairing was then done with a current pulse that was just large enough to evoke a broad spike. The same lator controlled duration digitally. S1 and S2 were delivered at 0.5 Hz during both test and experimental periods. sequence was then repeated with the other EPSP (Figure 6a) .
Similar findings were obtained with 19 EPSPs recorded in 12 cells (Figure 6d). EPSPs that evoked a broad spike Similar results were obtained with 20 EPSPs in ten different cells (Figure 5b). Pairings of EPSPs with depo-
were depressed, whereas those that did not were not, and the difference between these two groups was highly larizations at short delays of 5-30 ms that were below threshold for a broad spike caused no significant change significant (p ϽϽ 0.001). Thus, both sets of experiments show that associative or a small potentiation. In contrast, pairings with pulses at the same delay that were above threshold for a broad depression requires the occurrence of the broad spike. spike resulted in depression. The differences between these two groups and between broad spike pairings at Requirement for Activation of NMDA Receptors Parallel fiber synapses in the mormyrid ELL (Grant et short and long delays were highly significant (p ϽϽ 0.001).
al., 1998) and in other cerebellum-like sensory structures (Manis and Molitor, 1996; Berman and Maler, 1998) are The role of the broad spike in plasticity was also investigated without using artificial current pulses by increasmediated by glutamate receptors of both the NMDA and AMPA types. The parallel fiber synapses in cerebelluming stimulus strength at one electrode until the EPSP evoked a broad spike (Figure 6c) . Stimulus strength was like sensory structures are different in this respect from those in the adult mammalian cerebellum, which are increased by increasing stimulus duration from 0.1 ms Figure 7c) . In all cases, pairings at a short D-2-amino-5-phosphonopentanoate (AP5; 35 M). Pairings were then done with the same EPSPs after washing delay in the presence of AP5 caused potentiation, whereas pairings at the same delay in the absence of out the AP5. Testing was at 0.1 Hz and pairing was at 1 Hz. The postsynaptic broad spike was evoked be-AP5 caused depression. The difference between these two groups was highly significant (p ϽϽ 0.001). tween 5 and 30 ms after the onset of the S1 or S2 EPSP during the 5 min pairing periods. In this protocol, the The potentiation caused by pairing at a short delay in the presence of AP5 was large (26% on average) EPSP generated by stimulation of the second parallel fiber input was evoked during the test periods but not and significantly different from changes in the unpaired controls under AP5 (p ϽϽ 0.001). This potentiation is during the pairing periods and served therefore as an unpaired control (Figures 7a and 7b, left) . similar in magnitude to that obtained after EPSPs are evoked alone at 1-5 Hz (Figure 3B ), indicating that poIn the presence of AP5, pairing with a broad spike at a short delay caused enhancement of the EPSP rather tentiation at parallel fiber synapses in ELL does not require activation of NMDA receptors. The occurrence changes in postsynaptic calcium were all required. But none of these conditions were required for potentiation, of potentiation in the presence of an NMDA antagonist and potentiation may therefore be a largely presynaptic with pairings that normally cause depression suggests phenomenon. The reversibility experiments suggested that the mechanism leading to depression can somehow that the final site of action must be the same for both inhibit or block the mechanism leading to potentiation. depression and potentiation, and the paired-pulse faciliThe NMDA independence of potentiation following a tation results suggested that this site is located presynperiod of increased EPSP frequency was tested further aptically. mental protocols used in the gymnotid study and in our Cells were tested ‫51ف‬ min after penetration to allow mormyrid study were also quite different. The different time for diffusion of the buffer. A broad spike was evoked findings with regard to the effects of synaptic depression at a delay of 20 ms after the onset of either the S1-or on paired-pulse facilitation could reflect either a species S2-evoked EPSP during pairing. S1 and S2 stimuli were difference or a difference in experimental protocol. delivered at 0.5 Hz during both testing and pairing periods.
Learning Rule with Associative Depression Pairings with a postsynaptic broad spike at short deand Nonassociative Potentiation lays after EPSP onset, which consistently caused deThe EPSP potentiation observed in these in vitro slice pression in the absence of BAPTA, resulted in a small experiments with all of the pairings except those at short potentiation when BAPTA was in the pipette (mean ϭ positive delays appeared to be nonassociative, in the 10.8%, n ϭ 13). The difference between this small potensense that potentiation did not depend on the relative tiation in the presence of BAPTA and the depression timing or even on the occurrence of a postsynaptic that occurred without BAPTA using the same constant broad spike, but only depended on a transient period frequency protocol (Figure 3a) was highly significant of increased EPSP frequency. These results, together (p ϽϽ 0.001). Thus, the associative depression depends with those obtained in a previous study (Bell et al., on changes in postsynaptic calcium. 1997b), suggest that the learning rule that governs synThe role of postsynaptic calcium changes in the poaptic plasticity at parallel fiber synapses onto MG cells tentiation induced by a period of increased stimulus in the mormyrid ELL is one in which EPSP depression frequency was tested directly by examining the effect occurs only after pairings where the postsynaptic spike of 1 Hz stimulation while recording with BAPTA (100 is generated within a brief period of ‫05ف‬ ms following mM) in the pipette. Testing was at 0.1 Hz. Twenty EPSPs EPSP onset, whereas EPSP potentiation occurs after were tested in this way and all 20 showed potentiation.
pairings at all other delays between EPSP onset and The mean increase of 25% was not significantly different postsynaptic spike (Figure 8a ). (The normal frequency (p Ͼ 0.05) from the increase of 27% observed using of spike activity in parallel fibers in the mormyrid ELL is the same protocol in the absence of BAPTA (Figure3b, not known, but it is presumed to be high enough, at second column). Thus, frequency-induced potentiation least on occasion, to result in EPSP potentiation.) did not appear to depend on postsynaptic changes in A modeling study of ELL MG cells has shown that calcium concentration.
implementation of a temporally asymmetric learning rule at parallel fiber synapses, like the one shown in Figure  Discussion 
Reversibility of Depression and Potentiation
The negative images evoked by centrally originating preincluded a temporally symmetric correlational rule (Fig- dictive signals in the mormyrid ELL and other cerebelure 8c), similar to what has been found between excitlum-like structures in fish can be rapidly and readily atory stellate cells in the mammalian cortex (Egger et changed after a change in the sensory responses with al., 1999), and a rule that includes an associative potentiwhich the predictive signals are paired (Bell, 1981) . Thus, ation component for short negative delays (Figure 8b) . the centrally elicited negative images disappear within Thus, the modeling study supports the hypothesis that a few minutes if sensory stimuli are turned off and the synaptic plasticity of the type described in these in vitro predictive signals occur in isolation. Moreover, an experexperiments mediates the generation of negative images imentally induced reversal of the paired sensory reof predicted sensory responses in the mormyrid ELL.
sponse, such as a change from excitation to inhibition, leads to a rapid and corresponding reversal in the centrally elicited negative image. Such reversibility implies NMDA Receptor Dependency of Associative Depression that the changes in synaptic efficacy that mediate the acquisition of negative images must also be readily reThe associative depression required both the occurrence of a postsynaptic broad spike and parallel fiber versible. Thus, the reversibility of the synaptic plasticity at the parallel fiber synapse in ELL, which was demonactivation of NMDA receptors. These two requirements explain the temporal asymmetry of the learning rule. strated in this study, is an essential feature that provides further support for the role of such plasticity in the norOpening of NMDA channels requires the coincidence of glutamate binding and postsynaptic depolarization mal adaptive processing of sensory information in ELL. More generally, theorists have shown that reversibility (Bliss and Collingridge, 1993). Thus, depolarization of postsynaptic dendrites by a broad spike during the brief of changes in synaptic efficacy not only provides a mechanism for forgetting associations that are no longer period of glutamate binding following EPSP onset will current but is also essential for other fundamental neural transmission at the synapse between parallel fibers and processes. Such processes include the maximizing of ELL MG cells includes an NMDA component, differentiinformation storage in a neural network (Willshaw and ating it from the synapse between parallel fibers and Dayan, 1990) and renormalizing the synaptic weights Purkinje cells in the adult cerebellum. Furthermore, our onto a cell after some weights have increased or deresults with paired-pulse facilitation suggest a presyncreased, so that the overall excitability or firing rate of aptic site of expression for synaptic depression in ELL, a cell does not change (Stent, 1973; Fregnac, 1995;  in contrast to the postsynaptic site for the cerebellar Turrigiano et al., 1998). Moreover, without reversibility, LTD that has been examined so far. Nevertheless, the randomly occurring associations with the temporal redemonstration of reversibility at parallel fiber synapses lations necessary to induce a particular direction of in ELL supports the possibility that plasticity might also change in synaptic efficacy would lead to an accumulabe reversible at parallel fiber synapses in the cerebellum tion of changes in efficacy that would finally saturate, itself. with no possibility of further change (Sejnowski, 1977).
Experimental Procedures
Full reversibility requires that processes leading to an increase in synaptic efficacy act at the same final cellular not present in the cerebellum (Meek et al., 1996) , and
